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Abstract. In this work, we have investigated a new deformation of almost contact
metric manifolds. New relations between classes of 3-dimensional almost contact metric
have been discovered. Several concrete examples are discussed.
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1. Introduction

The lifts of geometrical objects, functions, vector fields, 1-forms etc., on any mani-
fold have important role in differential geometry. For example, they are used to de-
fine the different geometric structures. Manifolds equipped with certain differential-
geometric structures possess rich geometric structures and such manifolds have been
studied widely in differential geometry. Indeed, almost contact manifolds and rela-
tions between such manifolds have been studied extensively by many authors.

The construction of almost contact metric structures (Sasakian, Kenmotsu,
cosymplectic, etc.) from other almost contact metric structures on a given (2n+1)-
dimensional manifold M, in general, a non-trivial problem. The more interesting
and well-known results correspond with the 3-dimensional case.
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The notion of a D-homothetic deformation on a contact metric manifold was
introduced by Tanno [12]. Next, A. Sharfuddin and S. I. Hussain [11] gave a study
on conformal transformation of almost contact structures.

In 1992, J. C. Marrero [7] proved that with certain deformation, we can get
a trans-Sasakian structure starting from a Sasakian one. In [1], generalized D-
conformal deformations are applied to trans-Sasakian manifolds where the covari-
ant derivatives of the deformed metric is evaluated under the condition that the
functions used in deformation depend only on the direction of the characteristic
vector field of the trans-Sasakian structure. Other similar deformations are studied
in [2, 3, 6].

Recently, Ozdemir et al. [9], investigated the generalized D-conformal deforma-
tions of nearly K-cosymplectic, quasi-Sasakian and S-Kenmotsu manifolds. They
analyzed how the class of almost contact metric structures changes.There exists
several type of deformations of almost contact metric structures. These different
known deformations are mainly based on a deformation of the Riemannian metric.

The present paper deals with the deformation of the structural tensor ¢ and
metric tensor g at the same time, which allows us to define new relations between
almost contact metric structures. The paper is organized in the following way.
Section 2 is devoted to the background of the structures which will be used in the
subsequent sections to make the paper self-contained. In Section 3, we have intro-
duced a new deformation of almost contact metric structures using a function and
a 1-form and prove some basic properties. In Section 4, we focused on the case of
three-dimensional geometric structures and have shown how to construct some basic
structures with concrete examples. In the last Section, we constructed the exam-
ples of almost contact manifolds starting from another class of examples of almost
contact manifolds, based on the three types (Sasakian, Kenmotsu, cosymplectic).

2. Preliminaries

An odd-dimensional Riemannian manifold (M2 ! g) is said to be an almost con-
tact metric manifold if there exists on M, a (1,1) tensor field ¢, a vector field £
(called the structure vector field) and a 1-form 5 such that

D) =1, P (X)=—-X+n(X)¢ and g(oX,pY)=¢(X,Y)—n(X)n(Y),

for any vector fields X,Y on M. In particular, in an almost contact metric manifold
we also have ¢€ = 0 and o ¢ =0 [13].

Such manifold is said to be a contact metric manifold if dn = ¢, where ¢(X,Y) =
9(X,¢Y) is called the fundamental 2-form of M.
On the other hand, the almost contact metric structure of M is said to be normal
if
(2.2) NY(X,Y) = [p, (X, Y) + 2dn(X, V)¢ = 0,
for any X, Y on M, where [p, 9] denotes the Nijenhuis torsion of ¢, given by

[, 0](X,Y) = *[X,Y] + [0X, Y] — ¢[pX,Y] — o[ X, pY].
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In [10], the author proves that (¢,&,7,¢g) is trans-Sasakian structure if and only if
it is normal and

(2.3) dn=a¢,  do=28nN9,

where d denotes the exterior derivative, a = ﬁ&b(f), 8 = ﬁdivﬁ and ¢ is the
codifferential of g.

It is well known that the trans-Sasakian condition may be expressed as an almost
contact metric structure satisfying

(24)  (Vxp)Y = a(9(X,Y)E —n(Y)X) + B(9(¢X, Y)E = n(Y)eX).
From this formula, one can easily obtain
(2.5) Vx&=—apX — X,

(2.6) (Vxn)Y = ag(X,9Y) + Bg(pX, ¢Y).

It is clear that a trans-Sasakian manifold of type (1,0) is a Sasakian manifold and
a trans-Sasakian manifold of type (0,1) is a Kenmotsu manifold. A trans-Sasakian
manifold of type (0,0) is called a cosymplectic manifold. More generally, a trans-
Sasakian structure (¢, £,n,g) on M is said to be

(a): a— Sasaki if B=0,
(2.7) (b): p— Kenmotsu if a=0,
(¢) : Cosymplectic if «o=p=0,

where o and 8 are two functions.

The relations between trans-Sasakian, a-Sasakian and S-Kenmotsu structures
were discussed by Marrero [7].

Proposition 2.1. [7] A trans-Sasakian manifold of dimension > 5 is either a-
Sasakian, B-Kenmotsu or cosymplectic.

For more background on almost contact metric manifolds, we recommend the
reference [4] and [5].

3. Deformation of almost contact metric structures

Let (¢,£,m,9) be an almost contact metric structure on M2"+1. For any X, Y on
M, we mean a change of structure tensors of the form

(31) ¢X =X +0(pX)E, €=¢, q=n—0, §$X,pY)= [fg(X,pY),
where 6 is a 1-form orthogonal to n and f a positive function on M.

Proposition 3.1. The structure (4,5,5, 7, §) is an almost contact metric structure.

Proof. The proof follows by a usual calculation, by using (2.1). O
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In particular, if 6 = 0 then we get

g=rfg+{1—fimen
and this deformation was studied by Marrero [7].

Remark 3.1. In this new deformation we required the orthogonality between 6 and 7.
But, if we take # = (1 — h)n with h a function on M, we get

g=fg+ (- fimen

This deformation appeared in [1]. In addition, if f = 1 then we have D-isometric defor-
mation [3], but for h = f we get the deformation of Blair [6] and for h = f = a where a is
a positive constant, we obtain D-homothetic deformation [12].

We denote the tensor field of type (1,2) by N® on M defined for any X, Y on M
by
NW(X,Y) = [, 8)(X,Y) + 247 (X, Y)E,

where
(3, B/(X,Y) = §°[X, Y]+ [¢X,3Y] — 3[pX, Y] — ¢[X, §Y].

By long direct calculation, using (3.1) one can get

NYX)Y) = NYX,Y)+oND(X,Y))e
= 0(pX)(NOE) + 0N (1)) = 0(Y) (NP (X) + 0(ND (X))¢)
(3.2) + 2d0(pX,Y)E —2d0(X,Y)E

with N®) is a tensor field on M given by
NO(X) = (Lep)(X) = o[X, €] - [0X, ],
where L¢ denotes the Lie derivative with respect to the vector field .

Proposition 3.2. Let (¢,£,7,9) be a normal almost contact metric structure on
M. The almost contact metric structure (p,€,1,§) is normal if and only if

df(pX,pY) =di(X,Y),
for any X, Y € T(TM).
Proof. Firstly, we have
NO(X,Y) =0 = NO(pX,€) = € 9X] - ¢l6, X] = NI (X) =0.
So, if (¢, &, 7, g) is normal then from (3.2), we obtain

(3.3) NO(X,Y) =2d0(pX, pY)E — 2d0(X,Y)E.
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Suppose that
d9(<pX, @Y) =d(X,Y).

For Y = ¢ we get for any X on M,
(3.4) d9(X,€) = 0.
Applying (3.4) and (2.1) in (3.3) we obtain N (X,Y) = 0.

For the inverse, suppose that N = 0 and taking Y = £ we obtain for any X on
M

(3.5) dO(X, &) = 0.
Applying (3.5) in (3.3) we get
0 (X, pY) = dO(X,Y).

O

Corollary 3.1. Let (¢,£,n,9) be a normal almost contact metric structure on M.
(@,€,7,§) is normal if one of the following four conditions is satisfied

0=0, O=dh, d0=0, dO=o00,

where h,o are two functions on M.

Using the Koszul formula for the Levi-Civita connection of a Riemannian metric,
one can obtain the following:

Proposition 3.3. Let V and V denote the Levi-Civita connections of g and §
respectively. For any X and Y on M, we have the relation:

VxY.2) = GVxY.Z) + 5 (X(Pa(Y,2) + Y(1o(X. Z) ~ Z(Na(X.Y))
(5(Tx0)Y + (Tym)X)n(2) + dn(X, Zyn(¥) + dn(Y, Z)n(X))

+

f
S (VXY + (Vyi)X)i(Z) + di(X, Z)i(¥) + di(Y, Z)i(X).

4. Application to three dimensional geometric structures

In the remaining part of the paper, we focus on the case of 3-dimensional normal
almost contact metric manifold. Let us mention here an important result of Olszak
[8], which states that any normal almost contact metric structure is trans-Sasakian
structure of type («, 8), where 2a = tr(pVE) and 28 = divé.

This is what leads us to consider (¢,&,7,¢g) a trans-Sasakian structure of type
(a, B) i.e., we have

dn = ag, d¢ =260 A ¢.
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In this section, we shall apply the new deformation on trans-Sasakian manifold.

Since the expression of connection V is not easy, we prefer to use in our study the
first and second fundamental forms.

Firstly, the fundamental 2-form ¢ of (&, &, 7, ) is
H(X.Y) = §(X,@Y),

One can easily obtain

(4.1) ¢=fo
and hence
n=n—"0 d7j = dn —d¢
(4.2) { 6= fo = { a6 = (d(In f) + 26n) A &,

Lemma 4.1. For any 3-dimensional almost contact metric manifold (M, @, £, 7,§),
we have

(4.3) d(In f) A ¢ = £(In f)ij A ¢

Proof. Let {éy = £,é1,&} be the frame of vector fields and {§° = 7, 6", 62} be the
dual frame of differential 1-forms on M. Then,

b = 285 N é1,
and 3 }
d(In f) = £(In f)7j + 0" (In f)&; + 6%(In f)é;
Thus ~ ~
dInf)A¢p=En f)i A ¢
O

From (4.2) and Lemma 4.1, we get

dn = ag dij = 46— df
(4'4>{ do=28ng { a6 =2(p+ 36 )} A5+ 260 1 6.

We will discuss the different new structures according to the four cases indicated in
the Corollary 3.1.

First case: For § = 0, (4.4) lead to us the following result:

Proposition 4.1. (,&,1,g) is a trans-Sasakian of type (av, B) if and only if (@, €, 7, §)
is a trans-Sasakian of type (%,B + %g(m f))
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Remark 4.1. for («,8) = (1,0), we can see immediately that the Proposition 4.2 of
Marrero [7] is a particular case.

Remark 4.2. In this case, we can not get a Sasakian structure starting from a Kenmosu
structure or vice versa.

Second case: For 6 = dh, (4.4) becomes:

dn = ag¢ dij = $¢
(4'5>{d¢:2ﬁm¢ < { 2( 1+£(h)) + g(lnf))mqé.

Proposition 4.2. (¢, &, 1, g) is a trans-Sasakian of type (av, B) if and only if (@, €,
is a trans-Sasakian of type (775(1 +£(h)) + $&(In f))

Third case: For df = 0, (4.4) becomes:

n=a¢ dij = $9
(4'6){ dp=28nne {da}: (8+ 5 )i né+260 7 0.

Proposition 4.3. (¢,£,1,9) is an a-Sasakian if and only if (3,€,7,§) is a trans-

Sasakian of type (0‘, % (In f))

Fourth case: For df = o¢, (4.4) becomes:

dn = ao dﬁ:%( U)ﬁg
(4'7{ dp=28nng < { a6 =2(6+ 360 )il A 6+ 2610 A do.

Proposition 4.4.

1) For OndO =0, (p,&,n,g) is a trans-Sasakian of type of type (a, B) if and only
if (<p7§,77 g) is a trans-Sasakian of type ( (a—0),8+ 2é“(lnf))

2) (p,€,m,9) is an a-Sasakian if and only if ($,€,7,§) is a trans-Sasakian of
type (%(a —0),3¢(In f))-

Remark 4.3. Unlike the previous cases, this case is very interesting because we can get
Sasakian structure starting from a Kenmotsu structure and vice versa (see Examples 5.1
and 5.2).

§r

=]
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5. A class of examples

For this construction, we rely on our Example in [2]. We denote the Cartesian co-
ordinates in a 3-dimensional Euclidean space R3 by (z,y, z) and define a symmetric
tensor field g by

p2 +72 0 -7
9= 0o p 0
-7 0 1

where p and 7 are functions on R?® such that p # 0 everywhere.
Further, we define an almost contact metric (i, &, 1) on R? by

0 -1 0 0
Y= 1 0 0 ) §: 0 ) 77:(*7'»071)-
0 —7 O 1

The fundamental 1-form 7 and the 2-form ¢ can be expressed as,

n=dz—T1dr and ¢ = —2p%dx A dy,

and hence
dn = mdrAdy+713drAdz
dp = —4dpspdxNdyANdz,
op or

where p; = 52 and 7; = 5.
k2 T

We know that the components of the Nijenhuis tensor N, in (2.2) can be written
as,

Ni; = @0 — 0500) — 05010k — Opl) + ni(0;€7) — m; (9",

where the indices ¢, j, k and [ run over the range 1, 2, 3, then by a direct computation

we can verify that
Ni; =0, Vi, j, k.

implying that the structure (¢, €, 7, ¢g) is normal. From (2.7), the structure (¢, £, 7, g)
is a:

(1) Sasaki when 79 = —2p? and p3 = 73 = 0,
(2) Cosymplectic when ps =0 and 7 =73 =0,

(3) Kenmotsu when p3 = p and 75 = 73 = 0.
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Since 6 is a 1-form orthogonal to 7, i.e. 6(£) = 0 then 6 has the following form
0 =adr+0bdy,
where a and b are two functions on R®. Under these data and use (2.1), one can get

frP+(@+71)? bla+7) —(a+7)

§= bla+T) fp*+b? —b
—(a+7) —b 1
and
0 -1 0 ~ 0
p=|1 0 0|, €=¢=( 0|, a=(-(a+7),-b1).
b —(a+7) O 1

Using the above cases, we get the following;:

(1): Let (¢,&,m,9) be a Sasakian structure

(a): If d9 = 0 and f = 1, then (3, &, 7,
(b): If df = ¢ and fs = 2f, then (¢, &, 7, §) is a Kenmotsu structure.
(c): If dd = ¢ and f5 =0, then (&, , 7,§g) is a cosymplectic structure.

J) is a Sasakian structure.

(2): Let (¢,&,m,g) be a Kenmotsu structure

(a): If d§ = —fp and f3 = —2f, then (@, &, 7, §) is a Sasakian structure.
(b): If d@ = 0 and f3 = 0, then (@, , 7,9) is a Kenmotsu structure.
(c): It df = ¢ and f3 = —2f, then (,£,7,§) is a cosymplectic structure.
(3): Let (¢,&,m,9) be a cosymplectic structure
(a): If dd = —¢ and f =1, then (~,§~, 7, ) is a Sasakian structure.
(b): If df = 0 and f5 = 2f, then ($,£,7,§) is a Kenmotsu structure.
@, )

(c): If df = ¢ and f3 =0, then ( £,7,§) is a cosymplectic structure.

By using the above cases, we can discuss other classes of well-known almost contact
metric structures.

Given the importance of Remark 4.3 and from the above examples, we will
extract non-trivial examples in the following:

Example 5.1. (From Kenmotsu to Sasaki)
Taking p = e® and 7 = z, we get

22 4+e* 0 -z 0 -1 0
9= 0 e 0 |, o=[1 0 0],
—x 0 1 0 —x O
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§: 0 ’ TI:(*-'E»OJ)

It can be checked that (¢, &, 7, g) is a Kenmotsu structure.
Taking 0 = —f = —e~ 2, we obtain df = 2dz A dy, which implies

0 = adx + bdy, with by —a2 =2, and a3z =bs =0,
where a; = % and b; = aa;;‘ .
Notice that there is an infinite number of solutions for 8. We will continue with the
following particular solution 6 = 2zdy. So, we get

14 22 222 — 0 -1 0
§= 202 1442 —2¢ |, ¢= 1 0 0|,
-z —2z 1 2 —xz O
) 0
é-:é-: O ’ 77:77:(*%*2%1)
1

Finally, we can verify that (o, §~, 7,9g) is a Sasakian structure.

Example 5.2. (From Sasaki to Kenmotsu)

Now, taking p = e* and 7 = —ye?®, we get
1+4y%*® 0 2y 0 -1 0
g=e>" 0 1 0 o= 1 o o0 |,
2y 0 e 0 2ye** 0
0
&- = 0 b 77 - (2y62z7 07 1)‘
1

It can be checked that (p,&, 7, g) is a Sasakian structure.
Taking o0 = 1 and f = e®*, we obtain df = —2e**dx A dy. So, we have numerious choices
for 0. Let’s take 6 = 2ye**dx, we get

e2(@t2) 0 0 0 -1 0 i 0
g= 0 e2(:c+z) 0 , @ = 1 0 0 , 5 — é‘ — 0 , 77 = dz.
0 0 1 0 0 0 1

Finally, we can verify that (o, £, 7, g) is a Kenmotsu structure.
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